In recent years, magnetic domain wall structures in ferromagnetic nanowires have attracted growing attention, opening paths to develop novel devices which exploit magnetoresistive effects. A reduction of the domain wall length in geometrically constrained areas has been predicted and observed. In this article, we consider a rectangular constriction (width s0, length 2d0) in form of a thin film, attached to a rectangular pad (width s1) on either side. The material considered is Ni (Ms = 490 kA/m) with a weak in-plane anisotropy (K1 = 2000 J/m
I. INTRODUCTION
Bruno [1] predicted that the width of domain walls in ferromagnetic systems can be reduced by the geometry of the system. In particular, he has shown that the presence of a geometric constriction (see for example figure 1) can make it energetically favorable for the domain wall to reduce its length.
Subsequent work includes experimental verification of this prediction [2] and numerical micromagnetic studies to further the understanding of these compressed domain walls. In Ref. [3] the domain wall configuration and the domain wall resistance in constrictions of the Bruno geometry model I have been studied numerically. (Model II and III [1] are other geometric realization of constrictions). A numerical and experimental study [4] has investigated Néel domain walls (case B). In Ref. [5] the equilibrium domain wall configurations for an out-of-plane anisotropy in geometry constrictions of model I have been simulated. In Ref. [6] and [7] the micromagnetism of constrictions which taper (linearly) towards the thinnest connection and then widen again have been studied. In this work, we study the domain wall length systematically as a function of width and length of the Bruno model I.
Section II introduces the definition of the domain wall length used in this work. Section III describes the geometry, the parameters we have varied and the material parameters. We present our results and discussion in section IV, before we close with a summary in section V.
II. DOMAIN WALL LENGTH
Bruno [1] has provided the following definition of the domain wall length w w = 4
where φ(x) is the rotation angle of the magnetization, andφ(x) = dφ dx for a domain wall in x-direction. The prefactor is chosen such that for a domain wall in an unconstrained geometry and in the absence of demagnetization effects, w = 2 A/K where A is the exchange coupling strength and K the uniaxial anisotropy strength.
We will use Bruno's definition (1) to compute the domain wall length w in the constrained geometries we investigate here.
III. SIMULATION PARAMETERS
The thin film geometry we investigate here is defined by Bruno [1] as constriction model I, and shown in figure  1 . Two pads of height s 1 = 40 nm and width p x = 50 nm are connected by a less wide connection of length 2d 0 and width s 0 . The magnetization is generally fixed at the left and the right ends of the geometry in opposite directions. In particular, we study two configurations: (A) the magnetization is pinned in the +x direction at the left side and in the -x direction at the right side, and (B) the magnetization is pinned in the +y direction
The geometry under investigation (proposed by [1] as "model I"). Panel width s1 = 40 nm and panel length px = 50 nm are constant in this study, s0 and d0 vary. For case A, we have an uniaxial anisotropy in x-direction, for case B an uniaxial anisotropy in y-direction.
at the left side and in the -y direction at the right side. In this study, we vary the constriction width s 0 to take values 2, 6, 10, 14, 18, 22, 26, 30, 34 and 38 nm, and vary the constriction length 2d 0 to take values 2, 52, 102, 152, 202, 252, 302 nm. This spans a configuration space of 70 different geometries for cases A and B, each.
The material we investigate is Nickel which can be tailored to have a weak uniaxial anisotropy by applying a magnetic field during the growth process. We use the material parameters (following [8] , p17): saturation magnetization M s = 490 kA/m, exchange coupling A = 9 · 10 −12 J/m, and uniaxial anisotropy K 1 = 2000 J/m 3 . We use the finite difference simulation tool OOMMF [9] with a simulation cell size of 1 nm 3 . We study the thinfilm limit and set the thickness of the film in z-direction to be 1 nm.
The simulation of a large (2d 0 = 900 nm) system without a constriction (i.e. s 1 /s 0 = 1) and without demagnetization effects, results in a domain wall length w = 134.1651 nm for both case A and B, computed using equation (1) . This is in agreement with the analytical result δ B2 = 2 A/K = 134.1641 nm. Taking the demagnetization field into account, the domain wall length becomes w = w A ≡ 69 nm for case A. For case B, the domain wall splits into two parts (see section IV B), and we obtain w = w B = 98 nm (for the joint length of the 90
• domain walls). In the next section, we systematically study the influence of the demagnetization field and geometry which both affect the domain wall length. We use w A = 69 nm and w B = 98 nm to normalize the length of the domain walls in the presentation of the results.
IV. RESULTS

A. Anisotropy in x-direction (case A)
We pin the magnetization in +x and -x direction at either side of the geometry and vary the width and height of the constriction as described in section III. For each configuration we compute the equilibrium magnetization configuration using OOMMF, and use (1) to find the domain wall length w. We obtain φ(x) using φ(x) = arccos(M x (x)/M s ) whereM x is the x- A systematic representation of the reduced domain wall length for all geometries simulated is given in figure  3 . For the smallest geometry (2d 0 = 2 nm, s 0 /s 1 = 0.05), we find w = 0.16w A (i.e. w = 10.8 nm).
B. Anisotropy in y-direction (case B)
For configuration case B, we pin the magnetization to point to the +y and -y direction at the left and right border of the pads, respectively, and use an uniaxial anisotropy in the y-direction. Figure 4 showsM y (x) (i.e. • domain walls in the constriction, the value for w is the sum of the lengths of both 90
• walls.
the average of M y over y and z, corresponding toM x (x) in section IV A) for the same geometries as in figure 2 . For 2d 0 = 302 nm (Fig 4 right) , all three curves show a feature that is most clearly visible for s 0 /s 1 = 0.05: the 180
• rotation of the magnetization splits into two 90
• domain walls, in agreement with [4] . This reduces the demagnetization energy associated with the surface charges in the constriction. This domain wall splitting is not observed in case A due to the parallel alignment of constriction and easy axis. The 90
• domain walls are located just within the constriction area. Note that the definition (1) cannot distinguish between two 90
• domain walls or one 180
• domain walls. The values for w/w B are 0.34 for s 0 /s 1 = 0.05, 0.95 for s 0 /s 1 = 0.45 and 1.00 for s 0 /s 1 = 0.95. For 2d 0 = 2 nm (Fig 4 left) Figure 5 shows a summary of the reduced domain wall length for case B (as figure 3 shows for case A) . The transition from one 180
• domain wall to two 90
• domain walls happens for all ratios s 0 /s 1 that we have studied between 2d 0 = 2 nm and 2d 0 = 52 nm (this is consistent with [4] ). The smallest observed domain wall at s 0 /s 1 = 0.05 and 2d 0 = 1 nm is 14nm.
V. SUMMARY
We have carried out micromagnetic calculations to study the compression of domain walls in constrictive geometries. We find that choosing a suitable geometry, the domain wall length can be reduced by more than a factor of 6 in comparison to the unconstricted domain wall length (in the presence of demagnetization effects). Both the ratio s 0 /s 1 as well as the length d 0 of the constriction are important parameters. A domain wall splitting into two 90
• walls for large values of d 0 is not observed for head-on-head (case A) domains.
